Objective: We investigated the relationship between influenza seasonality and outcome of very low birth weight infants (VLBWI) in a large observational cohort study of the German Neonatal Network.
inTrODUcTiOn Influenza infection can severely affect maternal health and pregnancy outcome (1) . Outbreak reports on newly emerging influenza strains, e.g., 2009 H1N1 influenza A pandemic, clearly indicated that pregnant women are at an increased risk for hospitalization, acute respiratory distress syndrome, and death as compared to the general population (2) . Influenza infection is known to trigger preterm birth, but the potential mechanism of influenza-mediated immune activation causing labor has not yet been clearly defined (3) . Direct vertical transmission of the influenza virus to the fetus is rare but has been postulated to cause fetal demise or early neonatal death (4, 5) . Hence, pregnant women constitute are target group for which specific preventive measures are required (6) . Seasonal influenza epidemics are a driver of seasonality in gestation length (7) . Seasonal influenza vaccines are effective interventions, as immunized mothers have a reduced risk to deliver prematurely during influenza season than unvaccinated mothers. In addition, maternal influenza immunization reduces the burden of febrile respiratory illness in young infants (8, 9) . In Germany, seasonal influenza vaccination is recommended for all pregnant women from the second trimester and for pregnant women with underlying chronic disease from the first trimester since August 2010. Despite national recommendations for influenza vaccination of pregnant women, however, vaccination rates in European countries are low (≈10-26%) (10, 11) . Influenza therefore remains a significant health-care problem during pregnancy with estimated incidence density rates of 1.8/100 person-weeks (11) . It is yet unknown whether influenza seasonality affects the outcome of extremely preterm infants. In the German Neonatal Network (GNN), we performed a large observational study including five influenza seasons to evaluate outcome data of very low birth weight infants (VLBWI) stratified to date of birth, i.e., before season, during season, or 3 months after the end of season. Two hypotheses prompted our study: infants born during season have an increased risk for clinical sepsis during primary stay in hospital and for respiratory infections during infancy as compared to infants born before season.
MaTerials anD MeThODs
The GNN is a population-based cohort study of VLBWI enrolled in 54 neonatal intensive care units in Germany (GNN). The data for this observational investigation were collected between the July 13, 2009 (3 months after influenza season 2008/2009 had finished) until the December 31, 2014. The inclusion criteria were as follows: birth weight <1500 g and gestational age ≥22 + 0 and <37 + 0 weeks. Infants with lethal abnormalities were excluded. After written informed consent by the parents, the attending physicians enrolled the infants in the GNN. Then, a predefined clinical data set of 220 parameters were recorded on case report forms and sent to the GNN coordinating center in Lübeck (see Parameters on Clinical Record Files for Infants Enrolled in the German Neonatal Network in Appendix). For those infants born in participating GNN centers but not enrolled in GNN, a basic data set including birth weight, gestational age, and major outcomes such as sepsis, bronchopulmonary dysplasia (BPD), and death was also collected. Reasons for non-participation in GNN included early death of infant, language difficulties, not approached for participation, and declined consent.
A physician specialized in neonatology or a study nurse monitored the data quality by annual site visits.
study hypothesis
We hypothesized that infants born during influenza season have a higher likelihood to suffer from clinical sepsis (primary endpoint) than infants born before season. We additionally aimed to investigate whether influenza seasonality is associated with inflammation-mediated disorders, specifically periventricular leukomalacia (PVL) and BPD as secondary endpoints.
Definitions

Influenza Season
The duration of an influenza season was based on data of the German sentinel surveillance system for influenza (Arbeitsgemeinschaft Influenza) at the Robert Koch Institute. For each calendar week, the positivity rate was calculated, i.e., the proportion of sentinel samples that were tested positive for influenza virus by PCR in the National Reference Center for Influenza. The start of an influenza season was defined as the first of two consecutive weeks, in which the lower 95% confidence limit of the positivity rate was at least 10%. The end of the epidemic period was determined by the week that precedes the first two consecutive weeks, in which the lower 95% confidence limit of the positivity rate drops below 10% [ Table 1 ; (12, 13) ]. Accordingly, "before influenza season" was defined as period from the first day after 3 months after the end of last season until the last day before the new season started. We also included a post-seasonal period of 3 months, defined as first day after the end of season until three full months after the end of season. clinical characteristics and Outcomes
The primary outcome Clinical sepsis was defined as sepsis with at least two signs (temperature >38°C or <36.5°C, tachycardia >200/min, new onset or increased frequency of bradycardias or apneas, hyperglycemia >140 mg/dl, base excess <−10 mval/l, changed skin color, increased oxygen requirements) and one laboratory sign (C-reactive protein >1 mg/dl, immature/neutrophil ratio >0.2, white blood cell count <5/nl, platelet count <100/ nl) and antibiotic treatment for ≥5days, but no proof of causative agent in the blood culture.
Gestational age was calculated from the best obstetric estimate based on early prenatal ultrasound and obstetric examination. Small for gestational age was defined as birth percentile <10 according to gestational age.
Blood culture confirmed sepsis was defined as clinical sepsis with proof of causative agent in the blood culture.
Bronchopulmonary dysplasia was diagnosed when needing supplemental oxygen at 36 weeks of post-menstrual age (BPD).
Intracerebral hemorrhage (ICH) grades I-IV were diagnosed according to the ultrasound criteria of Papile (14) in line with a standardized protocol derived from the DEGUM (German Society for Ultrasound in Medicine).
Periventricular leukomalacia was defined as white matter brain injury, characterized by cystic degeneration of white matter near the lateral ventricles as diagnosed by ultrasound imaging which was applied in all participating centers.
Severe complication was defined as diagnosis of at least one of the following outcome measures: ICH grade III or intracerebral parenchymal hemorrhage, PVL, retinopathy of prematurity (ROP) requiring surgery, necrotizing enterocolitis, or focal intestinal perforation requiring surgery or need for ventriculoperitoneal shunting.
Death was defined as death occurring after admission to NICU within the primary stay in hospital.
Follow-up
German Neonatal Network infants are followed up regularly by the GNN study team at the age of 5 years with physical examinations and neurodevelopmental testings on-site. Neurodevelopmental testing included Movement Assessment Battery for Children-2 (M-ABC-2), Wechsler Preschool and Primary Scale of Intelligence-III (German version), visual testing and audiometry.
For the 24-month follow-up, parents of surviving infants enrolled in GNN (birth year 2009-2011, n = 3946) received a voluntary questionnaire (according to KiGGS survey 1-2 years from Robert Koch Institute, Germany) (15) . The KiGGS survey (German Health Interview and Examination Survey for Children and Adolescents) was conducted to collect representative data on the health status of children in Germany.
statistical analysis
In order to avoid selection bias, we analyzed the whole cohort of infants born in GNN centers and the subgroup of infants enrolled in GNN. We stratified VLBWI according to date of birth into three categories: (1) born before influenza season, (2) born during influenza season, and (3) born in the 3 months directly following the end of the season.
We modeled the probability 1 vs. 0 of suffering from a condition, i.e., clinical sepsis, in relation to influenza seasonality, i.e., exposure time which is defined by the annual reports on influenza surveillance data in Germany (Robert Koch Institute, Berlin). Data analysis was performed using the SPSS 22.0 data analysis package (Munich, Germany). Differences between infants born before, during, and 3 months after season were evaluated with Pearson chi-square test, T test, and Mann-Whitney U test. To determine potential associations between influenza seasonality and outcome of VLBWI, we conducted multiple logistic regression analyses with known confounding variables for outcomes, i.e., gestational age, gender, multiple birth, SGA, and exposure to antenatal steroids. Odds ratios (OR) and 95% confidence intervals (CI) were calculated. A p value of <0.05 was considered statistically significant. Missing data were not imputed.
ethics
The study was approved by the ethics committee of the University of Lübeck (08-022) and the local ethical committees at each study center. Written informed consent was obtained from at least one parent on behalf of the infant enrolled in the GNN.
resUlTs influenza seasons
Within the observational period (July 13 until December 31, 2014), five influenza seasons occurred (mean duration: 97 days, range: 48-131 days). About 10,187 VLBWI were enrolled in GNN, n = 5449 before influenza season, n = 2224 during influenza season, and n = 2514 up to 3 months after the end of a season ( Table 1) . The maternal background in GNN enrolled infants was German (74.6%), other Europe/Russia (10.5%), Middle East/ Turkey (7.5%), and Asia or Africa (6.4%).
short-term Outcomes
Univariate Analysis
We found no remarkable differences in clinical characteristics within categories. A higher risk for clinical sepsis was noted in infants born during influenza season as compared to infants born before season (31.0 vs. 28.2%; p = 0.014; Table 2 ). Preterm birth during influenza season was also associated with a higher risk for PVL (3.7 vs. 2.5%, p = 0.004) as compared to infants born before season, while the risk for BPD was unaffected by influenza seasonality. We alternatively assessed date of birth according to month or quarterly period of the year (January-March, AprilJune, July-September, and October-December) and link to PVL. We found no association between PVL and month of birth (mean 3.1%, range 2.6-4.2%, p = 0.19) or quarterly period of the year (mean 3.1%, range 2.8-3.7%, p = 0.1).
Logistic Regression Analysis
We further assessed clinical sepsis and PVL in relation to influenza seasonality in a multivariate logistic regression model including known confounding variables, i.e., gestational age, 
Follow-up
In a small subgroup, if surviving infants born 2009-2011 (n = 1497/3946, response rate by questionnaire: 37.9%) data on 24-month follow-up were available. In this subgroup, 84.5% of responding parents had a German background, while 8% mothers were born in other European countries and Russia, 4.5% in the Middle East/Turkey, and 2.6% Asia or Africa. VLBWI born during influenza season (n = 395) were more often affected from upper airway infection (65 vs. 57 vs. 48%, p = 0.001) than infants born before (n = 683) or 3 months after the end of season (n = 419), respectively. VLBWI born during influenza season also had a higher number of episodes of common cold as compared to infants born before season or 3 months thereafter (mean/median ± SE; 3.9/3 ± 0.1 vs. 3.5/3 ± 0.2 vs. 3.2/2 ± 0.1 episodes, p = 0.006; Figure 1A ) and for bronchitis (1.3/1 ± 0.1 vs. 1.1/0 ± 0.1 vs. 1.1/0 ± 0.1 episodes, p = 0.04; Figure 1B) . No significant differences were noted for atopic dermatitis between VLBWI born during season as compared to birth before or 3 months after season (8.5 vs. 6.9 vs. 6.3%, p = 0.3).
DiscUssiOn
To the best of our knowledge, this is the first large scale population-based data on the link between influenza seasonality and outcome of VLBWI. Preterm birth during influenza season was associated with a higher risk of PVL and clinical sepsis. Influenza infection of the pregnant mother is a well-known risk factor for preterm delivery which proved to be independent of socio-economic factors (7). However, the outcome of VLBWI born during influenza season has received little attention so far, as most reports on outcome after antenatal influenza exposure restrict their data to short-term perinatal outcome, i.e., birth weight, gestational age, Apgar scores, and neonatal death (6, 16) . We hypothesized that influenza seasonality affects the outcome of VLBWI. To address this aspect, we modeled the probability of a certain outcome and compared infants born and exposed during Very low birth weight infants frequently suffer from clinical sepsis, i.e., an incidence of 25-30% in the GNN cohort. The risk profile is characterized by gestational age, immaturity of systemic, and local immune responses and necessity of invasive procedures. The symptoms of clinical sepsis are non-specific, often indistinguishable between viral and bacterial illness. Due to the diagnostic challenge, antibiotic therapy is often started for suspected sepsis, but the cause of clinical deterioration often remains uncertain (17) . In our study cohort, VLBWI born during influenza season had an increased risk for clinical sepsis. In temperate climates, influenza is thought to exist at a low level of intensity throughout the year but exhibits a marked seasonal increase, typically during the winter months (18) . Our observation may just reflect epidemiological characteristics of viral illness including influenza which drive exposure for mothers and their infants, as well as health-care workers (19) . Other environmental factors may add to clinical sepsis risk during influenza season, particularly understaffing, respiratory illness of medical staff and overcrowding, which cannot be evaluated in our data set. Given the specific susceptibility of pregnant women during influenza season, the complex interplay of the mother's immune response to influenza and fetal sensing of local microbial milieu might also increase the infection risk in the offspring. To address this aspect, we evaluated causes of preterm delivery but found no differences in relation to influenza seasonality. Infants born during season also had a higher predisposition to common cold and bronchitis in the first 24 months of life as compared to those infants born before or 3 months after season. This observation might be related to long-lasting reduced local immunity in infants born during influenza season. On the other hand, protective maternal antibody transfer to those infants born after season may play a role. It should be noted that the subgroup of infants with parental information on infections during infancy is small, 37.9% response rate to voluntary questionnaires. Following aspects may have contributed to the low response rate. First, the questionnaire contains many questions, hence motivation and time of parents to fill out the forms might be limited. Second, tracking parents is difficult for changing addresses. We contacted the German registration offices and send our questionnaires to the new addresses but still had a poor feedback. Third, language problems might account for our observation, as responding families had more often German background as compared to the whole cohort (84.5 vs. 74.6%). Therefore, the validity of parents' feedback is limited in our setting. However, our data are hypothesis generating and a useful starting point for an understanding of illness attributable to respiratory infection (20) .
Our data imply an increased risk for classical cystic PVL in VLBWI infants born during influenza season. This is a novel aspect that deserves further investigation with specific attention to the multi-factorial pathogenesis of PVL. Patients with PVL often develop cerebral palsy, seizures, and vision or hearing deficits (21) . There is general consensus that development of PVL may be caused by (1) region and (2) damage to glial cells due to inflammation. These pathogenic conditions may occur ante-, peri-, and postnatally with varying underlying causes, including placenta dysfunction, fetal distress, and infections. As a result, a sequence of inflammatory responses is set off, including the release of cytokines and free radicals which are toxic to the developing brain (22) . Influenza infection may cause neurological sequelae that are clinical correlates of hypoxic-ischemic and inflammatory signaling cascades. For example, the Vascular Effects of Infection in Pediatric Stroke study demonstrated that upper airway infection transiently increased the risk of childhood ischemic stroke (23) .
In addition, acute encephalopathies with imaging signs of PVL were reported after influenza A infection in children during H1N1 2009 pandemic, as well as cases of (meningo)-encephalitis (24) . Presumably, these adverse outcomes are immune mediated rather than a consequence of influenza virus directly entering the central nervous system (CNS). In a Japanese surveillance study over nine influenza seasons, only 10% of patients with neurological complications had PCR detection of influenza virus in the cerebrospinal fluid (25) . To account for potential pathomechanisms of PVL in our cohort, we included surrogates for cardiovascular compromise (need for inotropes) or inflammation (clinical sepsis, preterm labor, amniotic infection, and PPROM) in regression models. Influenza seasonality, however, remained a stable independent risk factor of PVL. The same holds true when basic data sets of all VLBWI born in GNN centers (total n = 14,237 VLBWI, n = 7552 born before influenza season, n = 3148 born during influenza season, n = 3537 born up to 3 months after the end of a season), including those who were not enrolled in GNN, were evaluated. In all VLBWI, preterm birth during influenza season was associated with a higher risk for PVL (3.8 vs. 2.7%, p = 0.005) as compared to infants born before season. Logistic regression analysis also revealed an association between birth during influenza season and PVL [OR 1.39 (1.1-1.75), p = 0.007]. Immunization status of the mother was unknown in our study. Theoretically, an effect of vaccination against influenza during pregnancy might be assumed. Further studies should take this point into regard. It is current clinical standard to diagnose PVL in sequential head ultrasound exams in preterm infants but sensitivity is limited. Future studies need to include MRI technology in order to detect subtle white matter changes (punctuate lesions) and diffuse white matter injury (diffuse excessive high signal intensity, DEHSI) (26) .
Our observational data point to the role of prevention. As of yet, the benefit of influenza vaccinations of pregnant mothers and infants is not clear in the population of VLBWI. Particularly, the effectiveness of influenza vaccination in preterm infants remains uncertain (27) . Previous data noted an adequate immunogenicity in 6-to 17-month-old extremely low birth weight infants after two influenza vaccine doses (28) . Further vaccination studies along with experimental models are needed to address causal relationships between seasonal influenza and adverse outcome (29, 30) . In order to protect highly vulnerable infants, influenza vaccination of medical staff should be enforced.
The major strengths of our study include a large populationbased cohort of VLBWI which is well phenotyped with quality assurance of data by on-site monitoring. Our study has limitations.
The stratification in date of birth categories in relation to influenza seasonality is based on epidemiological data from a national reference center rather proven evidence of influenza in VLBWI and their mothers. We defined birthday in relation to influenza seasonality as the main parameter for definition of the population at risk. Alternatively, we assessed date of birth according to month and found no association to PVL. Our observation is not a causal relationship and other respiratory viruses with seasonal patterns may have contributed to our finding. Virological surveillance in future population-based studies is needed and might provide data relevant to the development of age-specific prevention strategies.
In conclusion, our observational data indicate that preterm birth during influenza season is associated with adverse outcome. This is a novel aspect that deserves further investigations to address underlying causes and to include virus surveillance.
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